A database management system has been realized that, by taking physical and chemical properties ͑the complex refractive index and the size distribution͒ of basic components as its starting point, allows the user to obtain optical properties of default as well as user-defined aerosol classes. Default classes are defined in accordance with the most widely known and used aerosol models. We obtain user-defined classes by varying the mixing ratio of components, creating new mixtures of default components, or by defining user components, thereby supplying the size distribution and the refractive index. The effect of relative humidity ͑RH͒ on the refractive index and the size distribution is properly accounted for up to RH ϭ 99%. The two known mechanisms of obtaining classes from components are allowed ͑internal or external mixing͒.
Introduction
Aerosols play an important role in the global climate, the radiative forcing of climate, and the Earth's radiative balance.
They act by modifying the local and planetary albedo and by absorbing the upward terrestrial thermal radiation. Aerosols influence the radiation balance through two key processes: directly, by scattering and absorbing solar radiation, and indirectly, by acting as cloud condensation nuclei and thus dramatically affecting the optical properties of clouds ͑the latter is also referred to as the Twomey effect 1 ͒.
The optical properties describing the interaction between aerosol and solar radiation are the extinction ͑K ext ͒ and scattering ͑K sca ͒ coefficients, the single-scattering phase function ͓P͑␥͔͒, and the vertical optical depth ͑ A ͒: These properties are wavelength dependent and must be specified over the whole spectrum. They are derived from microphysical quantities such as the complex refractive index ͑m ϭ n Ϫ ik͒ and the size distribution ͓dN͑r͒͞dr͔ by means of the Mie theory, which assumes that the particles are spherical and homogeneous.
Aerosol models represent a simple, generalized description of typical atmospheric conditions. 2 The definition of a model is a complex process because of the great variability in the physical, chemical, and optical properties of aerosols in both time and space. Two fundamental approaches toward defining an aerosol model exist: first, a direct measurement of all the necessary optical properties as a function of space and time and, second, a computation of the optical characteristics of aerosols after the microphysical properties have been collected and averaged by use of data derived from different sources.
The first approach is the most direct. However, it requires a large number of accurate optical measurements for many wavelengths over a representative time period and with adequate spatial coverage. These measurements are currently not available in the required quantity and quality.
For these reasons "computations remain . . . the only reasonable approach to a complete data set of aerosol optical properties needed for a global modelling of climate." 3 Direct optical measurements, when they are available, can subsequently be used for comparison with the computed properties.
Several authors have developed models for atmospheric aerosols: beginning with the early works of Toon and Pollack 4 and Fenn, 5 a number of compila-tions of aerosol optical properties can be found in the literature, 2, 3, 6, 7 although the great variability of sources and the use of various formats and nonstandardized units make it difficult to use the data.
The Database ͑in this paper, our Database is denoted by the capital D͒ provides a powerful tool for obtaining optical properties of default components and aerosol classes. We selected the default components and classes after a thorough analysis of existing published databases by carefully comparing the sources with the aim of drawing up an exhaustive compilation that avoids misleading duplications and adopting a widely recognized nomenclature. The components are defined on the basis of the chemical composition ͑complex refractive index͒ and the size distribution. For each component all the relevant microphysical quantities are clearly listed, including the size-distribution type, the wavelength-dependent refractive index, and the information on the ambient humidity dependence of both. The default classes are defined by means of mixing ratios, and they represent typical atmospheric mixtures of standard components. All the default classes are considered as external mixtures. The resulting optical properties of default classes have been checked against published results and measured data ͑see Section 3͒.
The main novelty of the Database, besides these default components and classes, is that it allows computation of optical properties of user-defined components and classes. New components are defined by the input of the appropriate refractive index and the size distribution; new classes are achievable by varying the mixing ratios of the default classes or mixing ͑internally or externally͒ new components. This flexibility is regarded as a strong improvement with respect to existing databases, and it should meet the need of those scientists who, having analyzed the appropriate standard components or classes to model atmospheric optical properties, are often forced to modify, to a greater or lesser extent, the aerosol characteristic adopted so that it complies with reality. 8 -10 For both default and user-defined classes or components, the optical properties' output is computed on the basis of the user-selected relative humidity ͑RH͒ level. The optical properties ͑extinction coefficient, phase function, single-scattering albedo, asymmetry factor͒ of the selected class are computed at a set of wavelengths and at a set of angles ͑phase function͒ selected by the user.
With the Database it is possible to select the mixing type ͑internal or external͒ of components: Indeed, resulting optical properties can vary with the choice of internal or external mixing, thus affecting radiative transfer computations. 11 This capability of the Database to mix the components internally is an important step forward with respect to other available databases in which the components are only externally mixed. Examples of the effect of choosing different mixing types are shown in Section 4.
Database Structure

A. Overview
The Database structure is outlined in Fig. 1 .
The Database provides defined aerosol class or component optical properties such as extinction, scattering, and absorption coefficients at default concentration ͑1 particle͞cm 3 ͒, together with phase function, asymmetry parameter, and single-scattering albedo.
An aerosol class is defined as a mixture of aerosol components by the assessment of mixing ratios and mixing type ͑for an internal or external mixture͒. Users can select a default aerosol class or component or they can input a user-defined aerosol class or component by setting mixing ratios, size distribution, refractive indices of aerosol components, and mixing type. The difference in mixing type is described in Subsection 2.C. The case of a single-component aerosol class ͑no mixing͒ is also allowed.
The user can choose a grid within the following parameter ranges: wavelength, 0.2-40 m; scattering angle, 0°-180°; and RH, 0%-99%.
The Database algorithms are based on Mie calculations, because aerosol particles are expected to have a spherical shape, which is a reasonable assumption under high humidity conditions, and because most particles are partially composed of hygroscopic material. 6 The sphericity assumption becomes critical as the dry aerosol size increases. Although methods are becoming available to treat shape effects, 12 it was decided to limit the Database computation to the sphericity assumption.
As shown in Fig. 1 , the Database consists of a data set of aerosol default components and classes and of some computational algorithms that are presented below.
B. Data-Set Description
Aerosol components are modeled in the data set by means of continuous distribution functions of the radius ͑size distributions͒ due to the sphericity assumption and spectral complex refractive indices. Size distributions are either log-normal or modified gamma distributions:
where r m and are the mode radius and standard deviation, respectively, and C denotes the default concentration ͑if the mode radius is expressed in micrometers, dN͞dr results in particles per ͑microme-ters times cubic centimeters͒:
where A again denotes the default concentration and ␣, b, and ␥ determine the shape of the distribution. This data set has been collected from several sources, as shown in Table 1 . Humidity effects on aerosol-component microphysical properties are taken into account, as suggested by Shettle and Fenn 2 and d'Almeida et al. 3 by averaging aerosol and water refractive indices and by changing the mode radius of log-normal size distributions ͑the standard deviation remains unaffected͒.
Database components derived by Shettle and Fenn 2 ͑lower part of Table 1 , which begins with the small rural component͒ have to be considered separately, as they consist of premixed substances with volume-averaged refractive indices. For example, small and large rural components are both composed of 70% water-soluble and 30% dustlike substances, but they obviously differ in size distributions. We decided to include these tropospheric aerosol models to allow users to reproduce those classes ͑which are labeled SF, for Shettle and Fenn, 2 in Table 2͒ that represent the basis of the LOWTRAN aerosol database. 13 Dry aerosol refractive-index values have been collected 7 Table 1 shows which of the ten refractive-index types are attributed to each of the 27 components.
By mixing these components it is possible to generate default aerosol classes, presented here in Ta- Entries in the third and the fourth columns refer to the publications listed at the end of this paper from which the values of size-distribution parameters and wet-mode radii can be obtained. The label regarding the wet-mode radius is set to n if data are not available, while indep. means that the aerosol component is not hygroscopic. Refractive-index types refer to chemical composition as reported in the cited sources ͑last column͒. Values from Shettle and Fenn, 2 which are different from those applied to oceanic and sea-salt components. ble 2. The reliability of default classes is discussed in depth in each of the cited source papers. Most of the authors referred to stated that snapshots obtained in a specific location and at a specific time may not conform to the data presented because of averaging processes. Moreover, for marine aerosol types, the default mixing ratios are only estimates because of the high variability of the marine boundary layer; marine default classes have been proposed with the same mixing ratios as those found in the literature.
Finally, it should be noted that mineral longrange transport to a maritime environment and mineral poleward aerosol components in Table 1 are not referred to as part of the aerosol classes in Table 2 . As stated in the literature, they form aerosol classes with mixing ratios so variable in time and space that to define default values would not be worthwhile.
C. Algorithms
Relative Humidity
With increasing RH values, atmospheric water vapor condenses onto the particles and alters their size and refractive index. This may be applied to hygroscopic particles such as water-soluble or sea-salt components, but makes no sense for insoluble particles such as all mineral components that form desert aerosol classes. The algorithm used for humidity influences on the refractive indices for both real and imaginary parts ͑the wavelength dependence has been omitted for brevity͒ is 14 mЈ ϭ m w ϩ ͑m 0 Ϫ m w ͒͑r 0 ͞rЈ͒ 3 , Data sources, components, and number density mixing ratios for default classes are specified. Entries in the second column refer to the publications listed in the references at the end of this paper. where m 0 and mЈ are the complex refractive indices of dry and wet particles, respectively, r 0 and rЈ are their mode radii, and m w is the refractive index of water.
The opportunity to use the latter correction suggested by Hä nel 15 concerning the imaginary part of the complex refractive index has been provided:
where k is the imaginary and n is the real part of the complex refractive index; the prime superscript refers to wet particles, and the 0 and w subscripts refer to dry particles and water, respectively.
Mixing Types
Users have the opportunity to mix the components internally or externally.
In an internal mixture, the individual particle consists of mixed components, whereas in the external mixture, pure particles of various chemical compounds exist side by side. It is currently thought that aerosols often exist initially as external mixtures near aerosol sources and that the aerosols gradually tend toward an internal mixture as they age. Figure 2 shows the procedure by which the two different types of mixture can be obtained from the same input.
Note that the two procedures lead to distinct results only if aerosol components do not show the same refractive indices. Such refractive-index differences may be due to diverse chemical composition, for example, a clean continental mixture, or to the influence of humidity, as described in Eq. ͑3͒ ͑e.g., rural SF͒. For example, the distinction between internal and external mixtures cannot be applied to desert aerosol classes, whose nonhygroscopic components differ for size-distribution parameters only.
An internal mixture is characterized by airborne particles with a heterogeneous chemical composition:
In view of the difficulty of specifying the refractive index of internal mixtures, aerosol models usually deal only with external mixtures. 6, 7 Here the approach adopted is to compute the refractive index of an internally mixed class by use of the volumeweighted average of refractive indices of the components. The computation of volume mixing ratios is derived from number-density mixing ratios and size distributions ͑see Appendix A͒. A Mie calculation for internal mixing is then performed just once for each mixture by use of the normalized ͑by relative particle number densities͒ sum of size distributions, but requires a new Mie computation every time the particle number-density mixing ratios change.
External
Mie Calculation
The U.S. Air Force Geophysical Laboratory code used to perform the Mie calculation is MIE2, which is based on a program developed by Radiation Research Associated, Fort Worth, Texas.
The original code required lower and upper integration limits ͑r min and r max , respectively͒, for performing integration over radii in the application of the Mie theory to polydisperse aerosols.
These integrals give the scattering properties for a polydisperse collection of particles of identical optical constants, starting from the corresponding quantity for a single particle. They have the general form of an integral over the radius, from 0 to ϱ, of the size distribution multiplied by the geometric cross section r 2 of the particle and by an efficiency factor that is a limited function of r.
Nevertheless, any quadrature ͑i.e., numerical integration͒ method requires two finite integration limits, r min and r max . These limits have to be selected to minimize the integration interval without loss in accuracy: This is, in principle, possible because the size distribution vanishes at r ϭ 0, ϱ.
The principle underlying the choice of r min and r max is to stop the integration or, in the discretized form, the sum, when the addition of new terms does not significantly vary the integral function. This selection is realized by means of the following criterion:
in which only the part of the integrand function that leads the trend to zero in both r ϭ 0 and r ϭ ϱ is tested. The code was modified to find the interval of integration automatically, as shown.
As well as automatically selecting the extremes of the size range, users can choose to input different r min and r max values if they are aware that particles outside a certain size range do not exist under particular conditions.
Database Validation
A. Numerical Comparisons with Other Databases
The Database has been designed to provide the optical parameters of all the components and classes listed in Tables 1 and 2 , respectively, which are called default or basic. The input data needed for the computations have been digitized and are contained in the input data set. The components and classes are taken from the most well-known and frequently used aerosol models, namely those proposed by ͑1͒ Shettle and Fenn, 2 ͑2͒ the World Climate Research Program in 1983, 6 ͑3͒ the same organization in 1986 7 ͑referred to as WCP-112͒, and ͑4͒ d'Almeida et al. 3 in 1991 ͑referred to as DALME͒.
To validate the output of the Database, tests have been carried out to compare the optical properties ͑extinction coefficient, single-scattering albedo, and asymmetry parameter͒ computed by the Database with corresponding results found in the literature, after a careful check on the equivalence of input parameters. Calculations have been performed across the UV-visible range at the following wavelengths: 0.300, 0.337, 0.500, and 0.694 m.
The results of such comparisons are presented in Table 3 . For each literature source, the number of selected cases ͑i.e., the product of the number of tested classes times the number of wavelengths times the number of humidity levels times the number of compared parameters͒ and the number of comparisons leading to a percentage error of less than 0.1% are presented along with the maximum difference found, regardless of the parameter, wavelength or RH at which the maximum occurred.
For the comparison with SF, the rural and the tropospheric classes have been reproduced for three humidity levels: 0%, 70%, and 99%. Almost all the compared values show a relative difference smaller than 0.1%; the largest relative difference found is 0.11%.
The accuracy in reproducing WCP-112 results has been tested considering the maritime, urban or industrial, volcanic 2, and background stratospheric 2 classes. The comparison is limited to dry ͑RH ϭ 0%͒ conditions because no results are available from Ref. 7 for humid conditions.
Finally, clean continental and urban classes have been considered for the comparison with DALME results. In Table 3 only results obtained at the 0% RH level are presented. Comparisons at RH ϭ 70% and 99% have been omitted because their discouraging results could be ascribed to "some errors in the tabulated Mie scattering calculations" 16 Overall the results of these comparisons are quite satisfactory, considering that small systematic differences in the extinction coefficients were expected because of the new automatic selection of the integration limits adopted ͓see inequality ͑5͔͒, which leads, in general, to size ranges larger ͑i.e., smaller r min and greater r max values͒ than those reported in the literature and thus to greater values of K ext . Percentage differences of less than 0.1% are considered negligible because they can be ascribed to different computation procedures and to different machine performances.
B. Contrasts with Other Databases
Now that the Database has been validated by a comparison of numerical results, it is useful to show how the Database constitutes an attempt to overcome the practical difficulties with existing aerosol databases and to highlight which characteristics may be inadequate from the other cited databases.
First the Database contains all the components and classes available from the cited literature for which a complete set of information is available. The analytical forms of the size distributions are unified, and the meaning and the units of input parameters are unambiguous.
Mixtures made by chemically different or hygroscopic components can be built up as internal or ex- The total number of tested cases is the product of the number of computed aerosol optical parameters times the number of tested wavelengths, RH levels, and aerosol classes.
ternal mixtures: None of the cited databases explicitly allow internal mixtures, with the exception of SF, in which components are made of internally mixed substances ͑see Subsection 2.B for details͒ but whose classes are obtained by means of external mixtures.
All the analyzed databases present aerosol-class optical characteristics for fixed component mixing ratios; only WCP-112 allows the weighting of component optical properties to compute those for externally mixed classes by varying mixing ratios. Our Database enlarges this to all the collected components, irrespective of mixing type. This is undoubtedly a gain in flexibility: Even a powerful database such as SF does not allow one to derive aerosol optical properties from models other than the predefined ones.
Each Mie computation leads to a result for the scattering phase function. WCP-112 and DALME do not provide this output.
The effect of humidity has been accounted for as described in Subsection 2.C. In this way it was possible to reproduce SF results and to investigate differences with those results contained in DALME. The use of this approach for humidity effects allows one to overcome the limitation of the WCP-112 scheme, which dealt with only dry aerosols.
C. Applicability Limits
Tests showed that the code cannot deal with pure real refractive indices ͑no aerosol absorption͒. This has been compensated for by use of very low refractiveindex imaginary parts ͑ϳ10 Ϫ9 ͒ ͑as seen below͒. Finally, little effort is required for altering the current maximum limit ͑for internal mixing only͒ of a three-modal log-normal size distribution to achieve an arbitrary modality number.
D. Test with Real Data
A further demonstration of the Database capability is the reproduction of measured aerosol optical depths. Villevalde et al. 18 presented results of a series of aerosol optical depth measurements made in the North Atlantic within a wide spectral range. They tested different aerosol models to fit the measured mean spectra. As a fitting criterion, they assumed that the measured and the calculated spectra should not differ by more than Ϯ0.01 ͑measurement error͒ at each wavelength. They obtained calculated spectra by employing some bimodal size distributions with fixed log-normal distribution parameters and refractive-index values and by varying the component concentration and number-density mixing ratio. We assumed that the same input values found by Villevalde et al. 18 were successful in fitting measured data, and then we computed the same spectra by using our Database. The results are shown in Fig. 3 .
Villevalde et al. did not use any of the Database default classes because they assumed that the particles were nonabsorbing spheres with a wavelengthindependent real refractive index of 1.5. Thus, with the aim of reproducing their results, we used the selection of user-defined classes. Three classes were tested, which are labeled WCP-112, SF, and VILL ͑that of Villevalde et al. 18 ͒. The former two presented the same size-distribution parameters that can be found in Refs. 7 and 2, respectively, whereas the latter has been entirely defined by Villevalde et al. to obtain physically acceptable concentrations. The summary of input data in our computations is given in Table 4 . The refractive index is fixed at 1.5-i5.0 ϫ 10 Ϫ9 in all cases. The following relations were used in computations:
where A is the aerosol columnar abundance and n f and n c are the fine and the coarse mode numberdensity mixing ratios, respectively. The exercise can be considered successful even if the VILL class did not satisfy the fitting criterion at 853 nm.
Application
Several authors 6, 11 have highlighted the sensitivity of aerosol radiative response to assumptions about mixing type. This sensitivity is important because the response is related to aerosol-climate problems as well as to aerosol-detection tasks. We decided to perform a Database exercise to investigate the quantitative differences in aerosol-class optical properties. We computed the spectral specific extinction coefficient ͑1 particle͞cm 3 ͒ and single-scattering albedo for three internal and external mixtures: clean continental, maritime, and urban. Data input were selected at a RH of 0% with a wavelength extending across the UV-visible range ͑four values; see Table 5͒ .
Results of the computations are presented for each optical variable ͑Figs. 4 and 5͒ as functions of wavelength; both absolute values and relative differences between the optical properties of external and internal mixture are shown. The behavior of relative differences for each aerosol class is assessed separately.
Nevertheless, some aspects of internal and external mixed optical properties must be kept in mind:
The extinction coefficient and the single-scattering albedo of an externally mixed aerosol class were obtained as weighted averages of the same optical properties ͑as described in Appendix A͒ and were computed separately for each aerosol component ͑Fig. 6͒. Optical properties of internally mixed classes depend on the unique refractive index computed as a volume-weighted average ͑Table 6͒. Note that differences in differently mixed aerosol optical properties do not present any significant spectral dependence on the selected wavelength range for all the classes tested. 
A. Clean Continental
As is clearly shown in Figs. 4 and 5, the effect of selecting a different mixing type is almost negligible as far as the present investigation of the clean continental aerosol optical properties is concerned. The result is due to the fact that the water-soluble component is dominant in particle number density in both external and internal mixing. Moreover, spectral refractive indices are identical for the two components involved.
B. Urban
The single-scattering albedo is the fraction of energy removed from the incident radiation, which reappears as scattered radiation. It is evident ͑Fig. 5͒ that this parameter is higher for the external mixture than for the internal one. This can be explained by considering that the single-scattering albedo for an external mixture is the result of the weighted average of the component single-scattering albedo values ͓see Eq. ͑A2͔͒. The weightings are the mixing ratios by particle number density and the extinction coefficients. Even though soot and dustlike components show the strongest absorbing potential ͑Fig. 6, right-hand side͒, the influence of both is weakened by very small weights ͑from 1 to 3 orders of magnitude less than the weight of the water soluble 1 component͒ resulting from the number-density mixing ratio for the dustlike components ͑6 orders of magnitude lower than those of the other two components; see Table 7͒ , and the specific extinction coefficient for soot ͑Fig. 6, left-hand side͒.
As far as internal mixture is concerned, it is no longer possible to evaluate explicitly each component weight when determining the single-scattering albedo values, because the mixture has to be considered in this case as composed of nondistinguishable particles with a unique refractive index and a threemodal size distribution. Nevertheless, it can be stated that soot plays a relevant role in causing the internal mixture to absorb more than the external one. In fact, soot determines the relatively high values of the imaginary part of the refractive index of the urban mixture ͑Table 6͒ if they are compared with those of the other two classes tested. Such values resulted from the weighted average of the imaginary parts of the component refractive index, following Eq. ͑A4͒, by use of data from Tables 7 ͑column 3͒ and 5 as input.
As opposed to the case of external mixing, in which soot had a low probability of acting as an absorber because of its low specific extinction coefficient, here soot gives major evidence of its absorbing potential by means of the imaginary part of the refractive index of the mixture.
C. Maritime
In contrast to the urban case, the maritime aerosol is composed of quasi-nonabsorbing components ͑note that the water-soluble component differs in size distribution with respect to that considered above͒. The fact that the single-scattering albedo values are almost equal is not surprising. Even though the different mixing type does affect the extinction coefficient values, the differences are small.
Summary and Concluding Remarks
A database of aerosol optical properties ͑extinction, scattering, and absorption coefficients, phase function, asymmetry factor, and single-scattering albedo͒ has been presented. The input data set of physical properties of default components is based on widely recognized and frequently used aerosol models. Optical properties of default classes as well as userdefined classes can be obtained from the Database. RH effects are accounted for, allowing computations from dry ͑RH ϭ 0%͒ to very wet ͑RH ϭ 99%͒ conditions. Both of these possible mechanisms for mixing components, internal or external mixing, are available.
Aerosol optical properties computed by means of the Database allow simulation of spectral solar radiance diffusion by the atmosphere. By comparing computed radiance with radiance measured by remote sensing, it is possible to select the aerosol model that best reproduces the spectral variations and the angular distribution of those measurements. Such a method is often called a pseudoinversion method, as it allows one to determine the aerosol characteristics without a mathematical inversion of the radiative transfer equation. Algorithms have to satisfy different requirements related to different types of measurement ͑instrument type and location, spatial and spectral resolution, etc.͒. It is beyond the scope of this paper to discuss details of such algorithms, which primarily depend on which main physical phenomena ͑other than aerosol radiative effects͒ influence the measured radiance: Note, for example, that the presence of highly reflecting Earth surfaces ͑nadir-viewing instruments͒ as well as clouds will prevent retrieval of aerosol information when passive-remote-sensing measurements are used. It is intended to use the Database to develop the retrieval of aerosol optical thicknesses for the Global Ozone Monitoring Experiment, a spectrometer that measures radiance reflected from the Earth's atmosphere in the UV-visible spectral range, which is currently flying on the ERS2 satellite.
The Database should prove to be a powerful tool in those studies whose aim is to measure the aerosol optical properties ͑e.g., optical thickness and columnar size distribution͒.
